Abstract. 2014 The critical behavior at the percolation threshold for a randomly crosslinked polymer melt of linear chains is studied by computer simulations. We show that the fraction of crosslinks per chain pc at the vulcanization/percolation threshold is independent of chain length N for large N. Thus for long chains, the volume fraction of crosslinks at the transition decreases as 1/N in agreement with Flory. If we allow linkages only between different chains and no selflinkages, we find that pc ~ 0.6 in the limit of large N. This value in 20 % larger than Flory's mean field result, pc = 1/2, as some of the crosslinks do not increase the number of chains in a cluster. When we allow intra-chain linkages as they occur experimentally, the scaling with N remains unchanged but pc increases by an addition 20 % for the present model. We also find in agreement with de Gennes that the critical exponents are well described by their mean field values and that the size of the critical region where fluctuations are important is small for long polymer chains. The fractal dimension of the percolating cluster at pc was found to be 3.
Critical properties of crosslinked polymer melts Gary S. Grest (1, 2, *) and Kurt Kremer (1) ( 1. Introduction.
Vulcanization of a polymer melt occurs when enough chemical bonds are formed between linear polymers to form a infinite network. In Flory's book on polymer chemistry [1] ] he developed a simple theory to determine the fraction of crosslinks needed to form the infinite or gel structure and discussed many of the statistical properties of both the sol and gel phases. Flory's description is similar to the Bethe lattice or tree approximation which has been very successful in describing at least qualitatively the gelation process in branched polycondensates [2] [3] [4] . By assuming that the crosslinking is exclusively intermolecular and that each crosslink always reduces the number of molecules by one, Flory estimated the fraction Pc of chains which are crosslinked at the onset of the formation of an infinite (gel) structure. For a monodispersed system of linear chains of length N, he showed that
For an arbitrary distribution of linear polymers, the factor N in equation (1) is simply replaced
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by the weight averaged degree of polymerization of the primary chains, Z [1] . Since [7] for long range bond percolation where all sites within a range RB can be connected to the central site with a probability p. The two problems can be mapped on to each other by equating the potential number of neighbors within a distance RB, with N dl 2 -l, , the typical number of other chains within a volume Rd I where is the end-to-end distance of the chain. These results differ from ordinary short range percolation and gelation for which the critical exponents are clearly not described by their classical values [8, 9] . For d = 2 we have a special situation. There the chains segregate and each chain has an average of 6 neighbors [10] . Thus for the percolation problem the chain structure becomes irrelevant resulting in the standard continuum percolation result. In this case only above 6 dimensions are the fluctuations irrelevant and the critical exponents take on their classical values. Daoud [11] later generalized de Gennes' result to semi-dilute solutions using the standard scaling ansatz and found that the width of the critical region as well as the gel point strongly on concentration, as a consequence of the change in the local structure and environment of dilute chains compared to dense systems.
In this paper, we present the results of our investigation of the critical properties of the vulcanization transition for a dense melt of linear polymers. From our analysis of the dynamics of polymer melts [12] we had available a large number of melt configurations for chains of length N = 5 to 200. Since we were interested in studying the long time behavior of a dense polymer melt our simulations were done for a coarse grained bead-spring polymer chain as opposed to a more detailed model. As discussed in reference [13] [7] we find df = 3. We do not have sufficient data to determine the scaling of the mass of the largest clusters with correlation length, but we presume from the work of Ray and Klein that we would obtain the classical result df = 4 in this case.
This study in the first part of an extended simulation study of the properties of polymer networks are in progress. Here we concentrate on the critical properties near the percolation threshold. Above pc, we have also determined many of the structural properties of a crosslinked polymer melt, like the distribution of dangling ends, distance between crosslinks and number of crosslinks per chains. Results of that study will be published elsewhere [17] . Future work will investigate the dynamic properties of crosslinked melts and their properties under deformation and swelling.
The outline of the paper is as follows. In the next section we will very briefly review the model and molecular dynamics methods we used to equilibrate a dense melt. The details are presented in reference [12] . We will also discuss the cluster enumeration and how we determined the percolation threshold. In section 3, we present our results for the percolation threshold for N = 25, 100 and 200 as well as our estimates for the critical exponents. In section 4, we present results for the static structure factor S(q) for large, finite clusters below pc in order to determine the fractal dimension df. Finally in section 5, we briefly summarize our results and conclusions.
Model and method.
To simulate a polymer fluid, we used a MD method [18] [19] The parameters k = 30 e / (T 2 and Ro = 1.5 a are chosen to be the same as in reference [18] . Denoting the total potential of monomer i by Ui figure 3b have considerable curvature and do not approach a straigth line. Extrapolating the data to 0, we find pc = 0.735 ± 0.01 for N = 25. We expect that for very large M, critical fluctuations must become important and there should be a crossover to non-classical exponents. However we see no evidence for such a crossover even for N = 25 which indicates the unknown pre-factor on the right hand size of equation (3) must be quite small due to the flexibility of our chains. Because our largest systems are reasonably large, our estimate for the extrapolated value of pc does not depend critically on the value of v. In figure 4 , we present data for Pei vs. M-1/3 P for N = 100 and 200 for v = 1/2. Extrapolating M-1/3 P to 0, we find p, = 0.64 ± 0.01 and 0.062 ± 0.01, respectively.
To test Flory's prediction that pc = 1 /2 for large N, we fitted our data for N = 25, 100 and 200 to the simple form, From this fit, we find that pc = 0.60 ± 0.01 for N ~ oo for the case in which there are no intramolecular crosslinks. This gives a lower bound to the experimental percolation threshold. Thus considering that Flory's estimate assumes that there are no wasted crosslinks, it works rather well, underestimating our result by only 20 %. While this result is for the random walk configurations in which overlap is allowed, it is probably also a very good estimate for the equilibrated melt. We conclude this from our results for smaller systems where the equilibrated melts and random walks with only intermolecular crosslinks give the same results for Pei(M) ( Results for the cluster distribution function sns at pc are shown in figure 6 for N = 100 and M = 4 000. The data fit a power with -r -2.34 ± 0.2 for the range of s accessible.
Since the classical and mean field predictions are very similar for these two cases, this result cannot be used to rule out the non-classical result T = 2.2 as we were able to do for Z. Here again however, we expect that for much larger values of s, the non-classical exponent should apply.
Fractal dimension.
There are a number of ways to determine the fractal dimension of the percolating cluster. However since hyperscaling is not valid in the mean field regime, one must be careful not to use scaling relations which depend on the dimensionality of space [7] . where Rc is the radius of the cluster, S(q ) approaches N, the size of the cluster. figure 8 , we plot our results for M, and Z(Pc) versus M on a log-log plot. For Z(Pc)' we find that the slope of the line is approximately 0.5, indicating that df = 3 consistent with the results for ,S(q ). However results for the largest sized cluster at Pc give a value for df -2.4, somewhat smaller than expected. This is presumably only a crossover effect due to the relatively small systems which we are able to study. Apparently Z(P,) is not as strongly effected since it is a weighted averaged over all clusters.
Conclusions.
In this paper we have described the results of our simulations of the critical behavior of randomly crosslinked polymer melts. As expected the volume fraction of crosslinks at the transition decreased as 1/ N [1] . However we found that the pre-factor is somewhat larger than the Flory's estimate due to the presence of « wasted » links which do not increase the cluster size. In the case that we only include intermolecular interactions, we find that the number of crosslinks per chain at the percolation/gelation threshold p, = 0.60 ± 0.01 compared to Flory's original estimate of 1/2. Inclusion of intercluster crosslinks, which of course are always present experimentally, increases this number by an additional 20 % though this result depends somewhat on the local details of the model. In addition, we also verified de Gennes' prediction [5] that the size of the critical regime is very small for a melt of long chains and that the critical exponents should take on their classical values. This reduction in the size of the critical region is in agreement with Ray and Klein [7] who studied a closely related model, long range bond percolation. While some of the present studies were carried out using equilibrated melt configurations generated from our study of reptation dynamics [12] , most of the work done for systems in which random walk chains with the same radius of gyration and persistence length as our melt chains were distributed randomly at the same density without regard to overlap. This is done in order so that we could study very large systems which were needed in order to be able to perform finite size scaling analysis for Pc and the critical exponents. Due to the very slow relaxation times of polymer melts, it is not possible at the present time to equilibrate melts of more than 20 000 monomers for long chains.
In this paper we have concentrated on the critical properties of polymer networks. However this is only one aspect of the interesting problem of polymer networks and rubber. Most rubbers of practical importance are highly crosslinked, with p far above pc. In a separate study [ 17] , we have measured many of the structural properties of a crosslinked polymer melt starting from our equilibrated melt configurations. This quantities included the distribution of dangling ends, distance between crosslinks and number of crosslinks per chain. Future work now in progress will address the issues of network dynamics and deformation and swelling.
